Introduction
============

Pathways involving metastable carbonates are thought to be integral to the construction of intricately designed functional materials in biomineralizing organisms.[@cit1] They are increasingly used in bio-inspired syntheses to generate structures and compositions far from equilibrium,[@cit2] and play an important role in carbon sequestration by precipitation of CaCO~3~.[@cit3]--[@cit5] It is therefore of general interest to improve our understanding of carbonate crystallization pathways and the associated rates of phase transformation, especially in confinement.

Amorphous calcium carbonate (ACC), a precursor to all three crystalline polymorphs of CaCO~3~,[@cit6] is perhaps the most widely characterized amorphous intermediate. In bulk systems, synthetic ACC typically transforms to calcite *via* vaterite within ∼5 minutes of ACC precipitation.[@cit7] ACC persists much longer in confinement, even in the absence of stabilizing additives.[@cit8],[@cit9] Increased lifetime may be the result of thermodynamic stabilization of ACC by interfacial or particle size effects,[@cit10] a kinetic trap,[@cit8] and/or the absence of powerful heterogeneous nucleators.[@cit11] It has been proposed that hindering the removal of water from ACC can reduce the rate of phase transformation,[@cit12],[@cit13] although it is unclear whether this mechanism fits within the classical description.

Given that the many proposed crystallization pathways may compete with each other,[@cit13],[@cit14] it is highly desirable to determine nucleation rates for each active pathway.[@cit15] Microfluidic techniques have enabled the study of crystal growth *via* ACC in small reaction chambers with well-defined surfaces and geometry as well as at the interface of solutions under laminar flow.[@cit16] Droplet microfluidic devices are particularly well-suited for characterizing crystallization in real-time and with large sample sizes[@cit17],[@cit18] We report here on the phase transformation kinetics of ACC confined in droplets.

We used a hydrodynamic flow-focusing device[@cit19] (Fig. S1[†](#fn1){ref-type="fn"}) made of PDMS to produce aqueous droplets in a fluorocarbon oil (HFE7500) containing 2 wt% surfactant.[@cit20] The surfactant is a triblock copolymer comprised of two perfluoropolyether (PFPE) "tails" separated by a polyethylene glycol (PEG) head group. Droplets of aqueous calcium chloride (1 M) had low polydispersity and were stable against coalescence for \>7 days. However, colloidal stability was lost following precipitation of CaCO~3~ (not shown). To address this issue, and inspired by devices used in protein crystallization,[@cit22] we developed the 'droplet orchard' ([Fig. 1](#fig1){ref-type="fig"} and S2[†](#fn1){ref-type="fn"}). This device consists of cubic wells connected to a channel with rectangular cross section (100 μm width, 50 μm height).

![(A) Schematic drawing of the droplet orchard device. In the oil channel, droplets take an ellipsoidal shape (B), but can relax on entering the wells (C). (D) Plot of stoichiometric equivalents of CO~2~ and NH~3~ delivered to the droplet *versus* time, predicted by finite element modeling. Droplets are supersaturated for ACC (p*K*~sp~ = 6.04, [@cit21]) the dashed horizontal line.](c8sc05634j-f1){#fig1}

Results
=======

Droplets (*d* = 100 μm) were generated in a decoupled flow focusing device (at ∼300 μL per hour), captured in PTFE tubing, and loaded into the droplet orchard (at ∼5 μL per hour). Droplets are trapped in the wells primarily due to the reduction in interfacial energy as they relax from an ellipsoidal to a spherical shape ([Fig. 1B and C](#fig1){ref-type="fig"}, Movie S1[†](#fn1){ref-type="fn"}).

Precipitation of CaCO~3~ inside the droplets was induced by flowing aqueous ammonium carbonate ((NH~4~)~2~CO~3~, 1.5 M, 200 μL h^--1^) through two channels flanking the central storage channel ([Fig. 1A](#fig1){ref-type="fig"}). Transport kinetics of CO~2~ and NH~3~ from the ammonium carbonate channel to the droplet were estimated by finite element analysis ([Fig. 1D](#fig1){ref-type="fig"}, ESI[†](#fn1){ref-type="fn"}). In the case of entirely diffusive transport, *i.e.* without convective mixing in the oil, this model predicts that supersaturation with respect to ACC is established within 500 ms. Assuming fast chemical equilibration and precipitation in the droplets, this model further indicates that delivery of stoichiometric amounts of CO~2~ and NH~3~ for the precipitation of virtually all Ca^2+^ takes less than 30 min.

In good agreement with the FE model, many non-birefringent particles appeared throughout the volume of each droplet within five minutes of the initiation of (NH~4~)~2~CO~3~ flow ([Fig. 2A](#fig2){ref-type="fig"}). Particles grew over the course of ∼30 min and sank to the bottom ([Fig. 2B--D](#fig2){ref-type="fig"}, Movie S2[†](#fn1){ref-type="fn"}). We confirmed that these precipitates were ACC using confocal Raman micro-spectroscopy ([Fig. 2F](#fig2){ref-type="fig"}). Specifically, the center of the most intense carbonate ν~1~ mode appeared at 1080 cm^--1^, with a full width at half maximum of 19 cm^--1^, and was indistinguishable from bulk ACC powder and ACC stabilized in liposomes[@cit8] (see Fig. S3[†](#fn1){ref-type="fn"} for full spectra).

![Phase transformations in the droplet orchard. (A and B) Polarized light microscopy (brightness enhanced) of droplets loaded with 1 M aqueous CaCl~2~ (A) 5 min and (B) 25 min after starting flow of 1.5 M aqueous (NH~4~)~2~CO~3~. Scale bar represents 100 μm. (C) Top- and (D) side-view of a 3D reconstruction from confocal fluorescence microscopy showing ACC particles at the bottom of a droplet after ∼30 min. (E1--E9) Polarized light images of droplet containing ACC at (E1) *t* = 14.33 hours and (E2--E9) at 5 minute increments thereafter. An arrow points to a birefringent crystal at first detection. Note the depletion zone surrounding the crystal (arrowheads). Scale bar represents 50 μm. (F) Confocal Raman spectra of precipitates and reference materials.](c8sc05634j-f2){#fig2}

Growth of ACC particles became imperceptible after ∼30 minutes, suggesting that supersaturation with respect to ACC became negligible. Under these conditions, precipitates may still increase in average size through coarsening, but the total volume of ACC remains constant. ACC is then, to a close approximation, in metastable equilibrium with the encapsulated solution. The supersaturation with respect to the more stable polymorphs of calcium carbonate, vaterite, aragonite, and calcite is therefore fixed by ACC solubility (ESI[†](#fn1){ref-type="fn"}).

We followed the transformation of ACC to crystalline CaCO~3~ by time-resolved polarized light microscopy. Onset of crystallization was detected by a strong increase in brightness, consistent with the formation of birefringent crystals ([Fig. 2E](#fig2){ref-type="fig"}). A depletion zone free of ACC surrounding the birefringent particle developed within 5 minutes of the random timepoint at which crystallization was observed. While this does not rule out other mechanisms at earlier times, most of the mineral volume transformed by dissolution-reprecipitation. Crystalline precipitates had either an irregular or a faceted habit, with diameters that ranged from 10--30 μm. Droplets and their cargo rotated slowly in the confinement of the wells (∼5 rpm). Rotating faceted particles extinguished regularly when viewed between crossed polarizers, consistent with single crystals. Irregular precipitates did not extinguish uniformly, consistent with a polycrystalline mass (Movies S3 and S4[†](#fn1){ref-type="fn"}). Confocal Raman microscopy performed offline identified polycrystals as vaterite and faceted single crystals as calcite ([Fig. 2F](#fig2){ref-type="fig"} and S4[†](#fn1){ref-type="fn"}).

Irrespective of polymorph, crystalline precipitates were 1--10 μm in their largest dimension at first detection, and grew until all ACC was consumed, typically within one hour ([Fig. 2E](#fig2){ref-type="fig"}, Movies S5--S7[†](#fn1){ref-type="fn"}). Based on the growth rate observed over this time frame, we predict that a nucleus grows to a detectable size within minutes (ESI[†](#fn1){ref-type="fn"}). Uncertainty in determining the time of nucleation would therefore be commensurate with the inverse frame rate (5 min).

Discussion
==========

Assuming nucleation events occur continuously and independently at a steady-state nucleation rate, *J*, an exponential distribution describes the time between nucleation events. The cumulative probability, *P*~0~(*t*), that nucleation has not occurred in a volume *V* at time *t* is given by the exponential failure distribution:[@cit18]For an ensemble of *N* identical droplets described by a single nucleation rate, the fraction of droplets that do not contain crystals, *N*~0~/*N*, approximates *P*~0~(*t*).

We recorded the time-to-detection of nucleation events in three independent experiments (*N* = 99, 97, and 95). Based on their habit, 42 of 48 crystals (87.5%) contained vaterite. As we cannot exclude that vaterite formed prior to calcite for the remaining 6 (12.5%), we calculated *N*~0~/*N* independent of polymorph. The spread in *N*~0~/*N* between the three experiments may appear broad ([Fig. 3A](#fig3){ref-type="fig"}); however, for the small number of observations in each experiment (6, 22, and 20 crystals detected, respectively), wide variability is expected between samples drawn from the same population. A 3-sample Anderson--Darling test failed to reject the null hypothesis that the three sets of observations were drawn from the same distribution (*α* = 0.010; *p* = 0.013; ESI[†](#fn1){ref-type="fn"}).

![Kinetics of crystallization of ACC. (A) Plot of *N*~0~/*N versus t* for three experiments (open symbols) and 68%, 95%, and 99.7% (shaded regions) of Monte Carlo simulations (10^5^ experiments; 97 droplets; Δ*t* = 1 h; *J* = 1.2 cm^--3^ s^--1^). (B) Aggregated data for all 291 droplets in (A), curve representing the nucleation rate determined by maximum-likelihood estimation (dashed line), and 99% confidence interval (dotted lines). (C) Plot of the time *τ* predicted to elapse before crystallization occurs in 1% (dotted line), 50% (dashed line), and 99% (solid line) of containers with volume *V*, given a steady state nucleation rate of *J* = 1.2 cm^--3^ s^--1^. Note that *τ* is found by rearranging eqn (1) for *P*~0~(*τ*). The equivalent dimension for spherical (diameter, *d*) and cubic (edge length) containers is provided.](c8sc05634j-f3){#fig3}

We therefore chose to aggregate the datasets and model the experiments with a single nucleation rate like in eqn (1), which is consistent with classical nucleation theory.[@cit18] Indeed, a 1-sample Anderson--Darling test failed to reject the null hypothesis (*α* = 0.010; *p* = 0.211) that the aggregated data come from an exponential distribution. In other words, we lack statistical evidence that would recommend against modelling the aggregated data using eqn (1). Although nucleation events were recorded in just 16% of all droplets, the remainder of droplets were included in the model by right-censoring, using the latest observation time. Maximum-likelihood estimation predicted that *J* = 1.2 cm^--3^ s^--1^ with a 99% confidence interval (CI) from 0.8--1.7 cm^--3^ s^--1^ ([Fig. 3B](#fig3){ref-type="fig"}).

While a single nucleation rate is consistent with the notion that calcite forms *via* vaterite, it is also possible that the nucleation rate for calcite is too low to significantly affect the experimental results. If, instead, we assume that calcite does not form *via* vaterite, maximum-likelihood estimation predicts nucleation rates for vaterite *J*~vat~ = 1.1 cm^--3^ s^--1^ (99%-CI: 0.7--1.5 cm^--3^ s^--1^) and calcite *J*~cal~ = 0.15 cm^--3^ s^--1^ (0.04--0.36 cm^--3^ s^--1^).

We explored the expected spread in *N*~0~/*N* over time between many identical experiments using Monte Carlo (MC) simulations (ESI[†](#fn1){ref-type="fn"}). Crystallization in each droplet was treated as a random process, with the probability, that crystallization does not occur during a time increment Δ*t* = 1 hour calculated for *J* = 1.2 cm^--3^ s^--1^ (*P*~0~(Δ*t*) = 0.998). The bounds of 99.7% of 10^5^ 97-droplet MC experiments include the three experiments from which *J* was calculated ([Fig. 3A](#fig3){ref-type="fig"}). In other words, the observed experimental scatter is within expectations given the size and duration of the experiment. In the absence of any evidence to suggest otherwise, we are therefore confident that modelling all observations from the three droplet orchard experiments with a single nucleation rate is appropriate.

However, we cannot exclude that the rate we found represents a population of "fast" droplets. The presence of "slow" droplets would manifest as a systematic deviation of the experimental data points from the fitted curve (dashed line in [Fig. 3B](#fig3){ref-type="fig"}) at long times.[@cit23] We therefore conclude that we have established an upper limit for *J* for the nucleation of vaterite from ACC confined in droplets. A further caveat is that it was not possible to identify the nucleation site inside the droplet. Therefore, we cannot distinguish between homogeneous and heterogeneous nucleation, nor can we identify nucleating surfaces. It should, however, be possible to determine whether *J* scales with the droplet volume or the surface area of the droplets or the ACC precipitates confined in them.

For *J* = 1.2 cm^--3^ s^--1^ and assuming the rate does scale with volume, one could expect about 10^3^ years to elapse before ACC crystallizes in merely 1% of vesicles with 1 μm diameter. More than 10^6^ years would elapse before ACC crystallizes in 1% of vesicles with 100 nm diameter ([Fig. 3C](#fig3){ref-type="fig"}). This is consistent with the report that ACC was not observed to crystallize in liposomes in the same size range.[@cit24] We note, however, that ACC was always observed within 15 minutes in liposomes with a diameter as small as ∼100 nm, meaning that if it forms by nucleation (rather than spinodal decomposition),[@cit25] the nucleation rate is higher by a factor of at least 2 × 10^10^.

When calcium carbonate forms intracellularly, for instance in coccoliths,[@cit26] sea urchin embryo spicules,[@cit27] or cystoliths[@cit6]---or abiotically, yet confined to volumes of similar dimensions[@cit8]---we expect ACC to be the default product if its supersaturation is exceeded. ACC would also be apparently "stable", *i.e.* very unlikely to crystallize during the lifetime of the organism or the duration of a typical experiment. However, on breaking the confinement, and introducing ACC to heterogeneous nucleators in the environment, rapid phase transformation is expected. This is indeed observed in some systems.[@cit6],[@cit8] Organisms clearly have found solutions to accelerate nucleation when that is desired. Likely candidates are heterogeneous nucleators that are introduced into the compartments in which biomineralization occurs. These nucleators are then ideally positioned to also control crystal polymorph and orientation.

Conclusions
===========

Looking forward, we expect that the device we describe herein is well suited to quantify the role of a wide range of additives on the transformation of ACC. It should also be relatively straightforward to adapt it to transformations of other phases. In fact, using microfluidic droplet confinement strategies may open pathways to synthesis of a host of amorphous precursor materials that could then be transformed into crystalline materials with structures and compositions far from equilibrium. In combination with a systematic evaluation of the effect of droplet size and temperature, our approach is well positioned to generate deep insights into the kinetics of phase transformations, and the thermodynamic barriers that control these rates. Therefore, we expect that it will become useful not only in biomineralization, but also, for instance, in carbon capture and sequestration, and bio-inspired materials synthesis.
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